estimating the isotopic composition of environmental water (D w ) at the time of the ash emplacement by converting isotope ratios of volcanic glass (D g ) using the following equation:
D w = 1.0343 * (1000 + D g ) 1000
(1)
The most common source of this environmental water can be assumed to derive from meteoric sources, because (a) volcanic ashes are deposited instantaneously onto the Earth's surface and (b) the time needed for full hydration is relatively short (510 kyrs). Importantly, it has been shown that the stable hydrogen isotope signal of volcanic glass remains stable over geological time (Friedman et al., 1992; Friedman et al., 1993a; Friedman et al., 1993b; Mulch et al., 2008; Cassel et al., 2012; Dettinger, 2013) . Moreover, the isotope signatures in volcanic glass represent mixed compositions averaged over thousands of years, and thus, independent of smallscale variations (i.e., daily to centennial) in the isotopic composition of meteoric water. This renders the stable hydrogen isotope composition of hydrated volcanic glass an important proxy for the isotopic composition of ancient meteoric water and therefore, ideal to decipher environmental changes that are related to changes in the isotopic composition of precipitation on the timescales of mountain building.
Volcanic glass samples
Volcanic ash samples were crushed and sieved and then treated with 10% hydrochloric acid for 15 min and 5% hydrofluoric acid for 30 sec in an ultrasonic bath to remove altered and birefringent rims and adherent carbonate and clay minerals. Subsequently, samples were rinsed with water and dried at max. 70°C. Where separates needed further concentration standard magnetic and density techniques were applied. Glass shards (125250 µm) were handpicked using a cross-polarizing microscope. About 1.5 mg of each sample was packed in silver foil, loaded, and released to a helium-purged Thermo-Finnigan TC/EA (high temperature conversion/elemental analyzer) equipped with a Costech zero-blank auto sampler. The extracted sample gas was admitted into a Thermo-Finnigan ConFlo III connected in continuous-flow mode to a Thermo-Finnigan MAT 253 stable-isotope mass spectrometer. Five internationally referenced standard materials and laboratory-working standards were run with our samples, random samples were duplicated and tested for consistency, and the raw isotope data were corrected for mass bias, daily drift of the thermal combustion reactor, and offset from the certified reference values. After correction, NBS30 (biotite), CH-7 (polyethylene), and NBS22 (oil) reference materials yielded D = 64.3 ± 0.8‰, 104.5 ± 0.6‰, 117.5 ± 1.1‰, respectively. Repeated measurements of various standards and unknowns yielded a precision of ±3.0‰ for Dg. Duplicates of three samples (08HUM05, 08HUM07, and 10HUM22) yielded a standard deviation of less than 3.0‰. This is also the precision presented for all Dg data. One triplet of sample 08HUM03 yielded an average Dg value of 83.2 ± 2.8‰. All isotope measurements were performed at the Joint Goethe University-BiK-F Stable Isotope Facility, Frankfurt. All isotopic ratios are reported relative to V-SMOW.
Modern stream water samples
Measurements were performed on 1-ml aliquots using an LGR 24d liquid isotope water analyzer. Dw values were corrected based on internal laboratory standards yielding precisions typically <0.6‰ (2). All isotope measurements were performed at the Joint Goethe UniversityBiK-F Stable Isotope Facility, Frankfurt. All isotopic ratios are reported relative to V-SMOW.
Stable isotope compositions of hydrated volcanic glass
We obtained hydrogen isotope ratios from 17 ash samples collected between the years 2007 and 2010 in the sedimentary strata of the intermontane Humahuaca Basin (~2324°S lat) in NW Argentina (Table DR1) . Moreover, the glass isotope data shows no significant trend with latitude (Fig. DR2 ).
Water content of volcanic glasses
The NBS-30 biotite is an IAEA standard with a well know composition, e.g., water content (3.68 wt%) Gonfiantini (1984) . Per measuring cycle of ca. 35 standards and unknowns, three NBS-30 standards were run to calibrate unknowns. Because its water content is known, NBS-30 also helps to estimate the water content of hydrated volcanic glass samples from the same measuring cycle (Table DR2 ). The water content of volcanic glass was calculated by comparing the averaged ratio between volt-second peak area (determined by mass spectrometry) and NBS-30 mass to that of unknowns: , where M is mass and Area all is the Vs peak area.
Stable isotope compositions of modern stream water and elevation relationship
We collected six modern stream-water samples in the Humahuaca Basin (in March 2010 (in March , 2011 (in March , and 2012 from elevations similar to the sampled ashes and measured their stable oxygen and hydrogen isotopic composition (Table DR3 ).
Using Eq. 1 we can convert these composition into a modern hydrogen-glass composition and compare results from late Mio-Pliocene samples with present-day conditions (Table DR3 ). 
which indicates minor evaporation of stream waters and rainfall in this region (Fig. DR3 ). This data also shows a systematic relationship between D w and elevation (lapse rate) of 24.2 ‰/km (Fig. DR4) . However, our lapse rate is only based on a limited number of samples. Recently, Dettinger et al. (2013) presented an isotopic lapse rate for the Eastern Cordillera (13.7‰/km). Most of their samples were collected along transects across the eastern Andean margin, through the Quebrada del Toro and Quebrada de Escoipe, at roughly 24.5°S latitude. This is approximately only 100 to 150 km south of our study area and represents the best available published isotopic lapse rate, for our study area, at this time. Other modern water samples used in their compilation and lapse rate calculations are from four nearby low to mid-elevation GNIP stations from elevations between 187 and 1,300 m (IAEA/WMO, 2013). Our modern isotopic water data shows some deviation from this dataset. Because of that, when relating our observed trends in the hydrogen isotopic composition of volcanic glass data to changes in elevation, we use a combined dataset (Fig. DR5 ). This new dataset produces a lapse rate of 14.5‰/km with a precision of ±1,1 km (2).
Paleoelevation reconstruction
In order to estimate paleoelevation changes for the time span between ~6 and 3.5 Ma, where our glass isotope data shows a general decrease in D g of ~17‰, a number of assumptions have to be made in addition to the points discussed in the main text. (a) The decrease in D g at that time is related to surface uplift only. This is a highly unlikely assumption, because it neglects the amount effect and associated lower D values in precipitation due to heavy rainout along the growing flanks of the Sierra Alta. (b) The observed decrease is of gradual nature and can be explained by its average rate of depletion over time. This assumption may not be true, because our D glass data along the trend line (6.8‰/Myr) shows a relatively high variability and may not allow for such a simplification. (c) The lapse rate was stable over time. This is probably one of the most challenging assumptions, in which all its influencing factors such as humidity and temperature have to be determined, which is beyond the scope of this study.
If all the above assumptions are valid, we are able to estimate surface uplift between 6 and 3.5 Ma in the former basin catchment by using our lapse rate of 14.5‰/km. In such as scenario, the observed D g decrease of 17‰ would result from ~1.2 ± 1.1 km of surface uplift (17‰ / 14.5‰/km), over a time period of 2.5 Myrs (~0.5 ± 0.4 km/Myr). However, large uncertainties in the model may render these estimates rather insignificant.
Sample 08HUM03
All volcanic glass samples show D g values that plot between 117‰ and 98‰, except sample 08HUM03, whose three independent measurements yielded an average D g of 83.2 ± 2.8‰. The sample is from a 4.2 ± 0.1 Ma volcanic ash deposited in the uppermost Maimará Formation, collected at 23.710°S and 65.474°W. D g values of other samples such as 08HUM05 (4.2 ± 0.1 Ma) and 08HUM07 (4.3 ± 0.1 Ma), both from the Maimará Formation at a location only 1.5 km to the north, significantly differ from 08HUM03 by ~20-30‰, showing average D g values of 112.9‰ and 103.8‰, respectively.
We do not find anomalous water contents (Table DR2) , hence the large deviation in D g cannot be the result of adherent clay contaminants. It is unlikely that paleoenvironmental conditions at ~4.2 Ma drastically varied over a distance of ~1.5 km. This is especially unlikely, when considering that at this time pronounced orographic rainout along the Sierra Alta is assumed.
Although, we do not have a final explanation to this problem, we exclude D g values of 08HUM03 from our analyses and interpretations, because it seems that its isotopic signal bears no exploitable paleoenvironmental information.
AR/ 39 AR BIOTITE DATING OF SAMPLE UQ270307-2
Here, we describe the treatments and methodologies to estimate the depositional age ( 40 Ar/ 39 Ar age) of the UQ270307-02 volcanic ash sample that was collected in March 2007 from the sedimentary strata of the intermontane Humahuaca Basin in the Eastern Cordillera of NW Argentina. The crystal-rich ash is interbedded in the middle to upper section of the fossil-bearing Uquía Formation (Castellanos, 1950; Marshall et al., 1982; Walther et al., 1998; Reguero et al., 2007) and was collected 2,860 m a.s.l. at 23.3527°S lat and 65.3686°W lon.
40 Ar/ 39 Ar dating of potassium-bearing minerals is based on the measurement of the ratio of 40 Ar (a naturally occurring radioactive decay product of 40 K), accumulating in the mineral structure below a certain closure temperature, over 39 Ar (a product of irradiating 39 K with fast neutrons in a nuclear reactor; Merrihue and Turner, 2012) . For a volcanic rock this means that the 40 Ar/ 39 Ar age may represent the timing of eruption and deposition, if the sample has not been reheated due to secondary processes (e.g., exposure to intrusive magmatic rocks).
Sample preparation
Biotite (Bt) mineral separation was performed at the Department for Earth and Environmental Sciences at Potsdam University (Germany) following standard separation techniques. The sample UQ270307-02 was crushed and wet-sieved to extract desired grain sizes (400500 µm). After chemical treatment in both acetic acid (10% conc.) and hydrogen peroxide (3% conc.), the sample was thoroughly rinsed with de-ionized water to remove adhered secondary carbonates and organic matter. Inclusion-free Bt was then handpicked under a binocular microscope.
Ar/ 39 Ar dating
The inclusion-free, euhedral Bt crystals were packed in commercial-grade Al foil and placed in a 99.999% pure Al-sample holder (35 mm diameter and 43 mm height) in which several holes were drilled for loading samples. Finally, the sample holder was wrapped in 0.5-mm thick Cd foil to cut off unnecessary thermal neutron flux. Neutron activation of the samples was performed at the Geesthacht Neutron Facility (GeNF) of the GKSS research centre of Geesthacht (Germany) for 4 days, where the fast neutron flux is about 1x10 12 n cm -2 s -1 . The samples were irradiated together with the Fish Canyon Tuff sanidine age standard in order to obtain the J value parameters for monitoring neutron flux. This standard was prepared and dated as 27.5 Ma at the Geological Survey of Japan (Uto et al., 1997; Ishizuka, 1998 Ar geochronology laboratory, Institute of Earth and Environmental Sciences, University of Potsdam (Germany). The analytical system at Potsdam University has been described in the recent literature (Vásquez et al., 2010; Wilke et al., 2010; Halama et al., 2014 ) and consists of: (a) a New Wave Gantry Dual Wave laser ablation system with a 50W CO 2 laser (wavelength 10.6 micrometer) for heating and extracting sample gas, (b) an ultra-high vacuum purification line with SAES getters and a cold trap used at the frozen temperature of ethanol, and (c) a high-sensitivity Micromass 5400 noble gas mass spectrometer equipped with an electron multiplier for pulse counting, which effectively works for very small amounts of gas.
Single stepwise heating of the sample has been conducted with a defocused continuous CO 2 laser beam for 1 minute. Then, the extracted gas has been exposed to the SAES getters and a cold trap for 10 minutes to gain a pure Ar-sample gas. Finally, the Ar gas was admitted to the mass spectrometer to determine the Ar-isotope ratios. The isotopic ratios of each analysis have finally been obtained after corrections of blank, mass discrimination by the analysis of atmospheric argon, interference of Ar isotopes derived from Ca and K, and the decay of the Ar isotopes ( 37 Ar and 39 Ar) produced by the irradiation. Age and error calculation followed descriptions in Uto et al. (1997) .
Fifteen biotite grains were used for single stepwise heating analysis (Laboratory ID: C08049). Table DR4 and Figure DR7 show the results of that analysis. The obtained plateau (total 39 Ar fraction is 84.5%) satisfies the criterion by Fleck et al. (1977) and the plateau age is 2.63 ± 0.02 Ma (Fig. DR7 ). All errors presented here are 1 sigma error. The normal isochron age calculated with the plateau steps following York (1968) is 2.72 ± 0.10 Ma (Fig. DR7) 
